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Abstract
This paper is to propose a novel construction method for constructing a family of overconstrained multi-loop deployable mechanisms by connecting orthogonal single-loop linkages
using spherical (S) joints. An orthogonal single-loop linkage refers to a linkage with an even
number of identical links with orthogonal revolute (R)-joint axes and no offset. Two types of multiloop mechanisms are obtained, including parallel mechanisms (PMs) and loop-coupled
mechanisms (LCMs) by connecting orthogonal Bricard linkage, 8R or 10R linkage platforms. The
mechanisms constructed by orthogonal Bricard linkages only have one degree-of-freedom (DOF).
The volume of the PM is calculated, which indicates that the mechanisms have a high ratio of
stowed-to-deployed diameter, without considering link interference. The mechanisms designed
using orthogonal 8R or 10R linkages have multiple motion modes and can switch between
different modes through singular positions. Finally, the method has been extended to the PMs and
LCMs composed of loops that the axes of two adjacent R joints are not perpendicular to each
other.

Keywords
Deployable mechanisms, multiple motion modes, polyhedron mechanisms, parallel mechanisms,
loop-coupled mechanisms

1.

Introduction

Deployable mechanisms have many applications from space to our daily life. Many deployable
mechanisms have been proposed and used in practice. For example, one of the well-known
deployable structures is the Hoberman sphere [1], which was equivalent to a multi-loop
mechanism composed of single-loop eight-bar linkages in [2]. Chen discussed a family of foldable
closed-loop over-constrained spatial mechanisms in [3-5]. These mechanisms have one degree-offreedom (DOF) and can spread onto a plane or fold into a bundle. In [6], the Bricard linkage [4]
was extended to an eight-bar linkage. Wang [7-8] proposed a novel construction method to design
reconfigurable deployable single-loop 8R linkages, which can be spread onto a plane, folded into
two layers and four layers through distinct approaches.
By connecting the deployable single-loop linkages or inserting planar mechanism units into
polyhedrons, multi-loop deployable mechanisms have been obtained in [3, 9-24]. In [3, 9], overconstrained large-volume deployable networks were designed by connecting Bennett, Myard and
Bricard linkages using revolute (R) joints. While in [10], symmetric spatial single-loop 4R, 6R, 8R
and 12R linkages were adopted as the upper platforms to develop parallel hybrid-loop
manipulators. Lu [11] utilized Bennett linkage as units to construct networks that can be deployed
to approximate a cylindrical surface via scissor connections. A 2-DOF deployable mechanism that
can be deployed along two directions independently was proposed in [12] by combining the Sarrus
linkage units. Deployable mechanisms based on Myard linkages were built in [13], and the
mechanism based on Bricard linkages were presented in [14]. Kong [15] demonstrated a parallel
*
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mechanism (PM) with multiple modes constructed by Bricard linkage platform. The transition can
be achieved by changing the posture of the Bricard linkage. Ding [16] investigated a
multifunctional in-pipe parallel robot composed of R-P-R chains and two Bricard linkage with
special twist angle platforms. Connecting two, three or four plane symmetric-Bricard linkages,
several 1-DOF deployable mechanisms were obtained in [17]. Wei [18-19] discovered a spatial
eight-bar linkage, resulting in the construction of a family of deployable multi-loop mechanisms,
by implanting the 8R linkage into the edges of polyhedrons. By inserting planar mechanism units
into the faces of polyhedron, one-DOF expandable polyhedron mechanisms were constructed in
[20-22]. Li [23] introduced a kind of reconfigurable angulated element with four half-platforms
and used these units to construct deployable mechanisms with two modes. In [24], a crank-slider
type mechanism unit driven by elastic hinges was put forward to design lightweight and high
stiffness large-sized deployable antenna mechanism.
This paper is to discuss a novel construction method to build deployable mechanisms, including
PMs and loop-coupled mechanisms (LCMs). A family of deployable mechanisms will be
proposed by connecting orthogonal single-loop linkages using spherical (S) joints. An orthogonal
single-loop linkage, such as orthogonal Bricard linkage, refers to a linkage with an even number
of identical links with orthogonal R-joint axes and no offset. The symmetry of the mechanisms
enables the over-constrained mechanisms to deploy.
This paper is organized as follows: the kinematic characteristics of the Bricard linkage is
presented in Section 2. Section 3 introduces a PM based on Bricard linkage and the LCMs based
on Bricard linkage are given in Section 4. Section 5 discusses the PMs and LCMs based on
orthogonal single-loop 8R or 10R linkages. The design approach is extended to PMs and LCMs
composed of loops that the axes of two adjacent R joints are not perpendicular to each other in
Section 6. Finally, conclusions are drawn.

2.

Analysis of the orthogonal Bricard 6R linkage and its characteristics

The analysis of the orthogonal Bricard linkage has been given in several references [3, 4] using
the approach proposed by Denavit and Hartenberg [25]. The links of the orthogonal Bricard
linkage are all identical and the adjacent joints are perpendicular to each other (Fig. 1). Let l
represent the link length of the Bricard linkage.
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Fig. 1 Orthogonal Bricard linkage: (a) the sketch of the Bricard linkage; (b) the parameters of the
link; (c) the 3D model of the Bricard linkage.
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where
𝑎0 = 𝑎1 = 𝑎2 = 𝑎3 = 𝑎4 = 𝑎5 = 𝑙
𝛼0 = 𝛼2 = 𝛼4 = 270𝑜
𝛼1 = 𝛼3 = 𝛼5 = 90𝑜
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According to Ref. [4], the output angle φ can be represented by input angle θ
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Let frame 1 be the reference frame, the positions of the joint centre of R1 and R2 are
𝑷𝟏 = {0 0 0}𝑇
(4a)
𝑷𝟐 = {𝑙 0 0}𝑇
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Suppose the position vector of the center of joint (i+1) in frame i (Oi-xiyizi) is represented by
𝑖
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The positions of the joint centres of R3, R4, R5 and R6 in the global frame can be calculated as
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Now the characteristics of the orthogonal Bricard linkage will be revealed in order to construct
PMs and LCMs. Define Si (i = 1, 2, …6) on link i with its position vector iSi in the coordinate
frame Oi-xiyizi as [Fig. 1(b)]
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for 𝑖 = 1, 3 and 5
(7)
for 𝑖 = 2, 4 and 6

where k is called the offset of point Si.
The positions of the S2, S3, S4, S5 and S6 in the global frame can be calculated as
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The normal vector, N={l, m, n} , to the plane defined by S1, S2 and S3 can be obtained by 𝑵 =
(𝑺𝟐 − 𝑺𝟏 ) × (𝑺𝟑 − 𝑺𝟐 )
𝑙 𝑠𝑖𝑛 𝜃(2𝑘+4𝑘 𝑐𝑜𝑠 𝜃−𝑙√2 𝑐𝑜𝑠 𝜃+1)

𝑙(2𝑘 + 4𝑘 𝑐𝑜𝑠 𝜃− 𝑙√2 𝑐𝑜𝑠 𝜃+ 1)

𝑙 𝑠𝑖𝑛 𝜃(𝑙 − 2𝑘√2 𝑐𝑜𝑠 𝜃+ 1)

4(𝑐𝑜𝑠 𝜃+1)

4

4(𝑐𝑜𝑠 𝜃+ 1)

{𝑙 𝑚 𝑛}𝑇 = {

𝑇

}
(9)

The plane defined by Si (i = 1, 2, 3) is calculated as
𝑙

𝑙 × (𝑥 − 2) + 𝑚 × 𝑦 + 𝑛 × (𝑧 − 𝑘) = 0

(10)

Substituting the positions of S4, S5 and S6 into Eq. (10), it can be verified that Si (i = 1, 2, …6)
are always on the same plane, which is referred to the mirror plane in the following sections. As
shown in Fig. 1(c), the lines defined by S1 and S2, S3 and S4, and S5 and S6 respectively form a
regular triangle. S1S2S3S4S5S6 is a semi regular hexagon. The edges of the hexagon vary with
the deformation of the Bricard linkage. In addition, both triangles S1S3S5 and S2S4S6 are regular
triangles.
Based on the above characteristics of the orthogonal Bricard linkage, PMs and LCMs will be
constructed by connecting orthogonal Bricard linkages through S joints located at Si on each link
in Sections 3 and 4 respectively.

3.

A PM based on two orthogonal Bricard linkages connected by six S joints

By connecting two orthogonal Bricard linkages, which are mirrored version of each other about
the mirror plane S1S2S3S4S5S6, using six S joints located at Si (i = 1, 2, …6), a PM in the shape
of a triangular prism can be obtained (Fig. 2). Since Si (i = 1, 2, …6) of each orthogonal Bricard
linkage remain on the same plane, the PM has the same DOF of each orthogonal Bricard linkage,
i.e., 1-DOF.
The PM is axisymmetric about the line defined by the intersection of R2, R4 and R6 and the
intersection of R2’, R4’ and R6’ and plane symmetric about three planes defined by centers of
joints Ri, R(i+3), Ri’ and R(i+3)’ (i = 1, 2 and 3). In the initial state [Fig. 2(a)], R1, R3 and R5 of
the two Bricard linkages are parallel with each other, and R2, R4 and R6 lie on the same plane and
intersect at a point. R1 and R1’ are collinear, as well as R3 and R3’ and R5 and R5’. R2 // R2’ (R2
and R2’ are parallel), R4 // R4’ and R6 //R6’. When deployed, the two Bricard linkages deform
synchronously and are always symmetrical about the mirror plane. The axes of the R joints of
each Bricard linkage intersect at two points, and these four intersection points are always
collinear. The mechanism has two deploying states, which are referred to the outward state [Fig.
2(b)] and the inward state [Fig. 2(c)]. In the outward state, the distance between the centers of
joints R1 and R1’ increases with the distance between the centers of joints R2 and R2’ decreasing.
In the inward state, the distance between the centers of joints R1 and R1’ decreases with the
distance between the centers of joints R2 and R2’ increasing.

4

(a)
(b)
(c)
Fig. 2 PM based on orthogonal Bricard linkages: (a) initial posture; (b) outward deploying; (c)
inward deploying.
To define the ratio of stowed-to-deployed diameter of the PM, the circumscribed cylinder of the
PM is used to represent the volume of the PM (Fig. 3).

Fig. 3 Circumscribed cylinder of the mechanism.
The side length of the equilateral triangles defined by the centers of joints R1, R3 and R5 as well
as R2, R4 and R6 can be calculated, respectively, as:
D1=|P3 - P1|
(11a)
D2=|P4 - P2|
(11b)
The plots of D1 and D2 with respect to variation of input angle θ Є [0°, 120°] are displayed in
Fig. 4 for the case of l = 0.05m. D1 and D2 vary from 0.05m to 0.1m. D1 obeys to monotone
decreasing, while D2 obeys monotone increasing. It can be seen that when θ = 90o, D1 = D2;
when θ > 90o, D1 > D2; and when θ < 90o, D1 < D2.

Fig. 4 Plots of D1 and D2 with respect to θ
The distance, H1, between the centres of joints R1 and R1’ is twice the distance between R1
and the mirror plane (Fig. 2). We have
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𝐻1 =

𝑙
2

2|𝑙(0− )+𝑛(0−k)|
√𝑙2 +𝑚2 +𝑛2

(12)

Similarly, the distance, H2, between R2 and R2’ is (Fig. 2)
𝐻2 =

𝑙
2

2|𝑙(l− )+𝑛(0−k)|
√𝑙2 +𝑚2 +𝑛2

(13)

When deployed inward, H1 < H2, and when deployed outward, H1 > H2. The volume of the
circumscribed cylinder of the mechanism V can be described by
𝐷1 2

𝑉=

𝜋 ( 3 ) × 𝐻1 𝑜𝑢𝑡𝑤𝑎𝑟𝑑 𝑑𝑒𝑝𝑙𝑜𝑦𝑖𝑛𝑔
𝜃 ≥ 90° {
𝐷1 2
𝜋 ( 3 ) × 𝐻2 𝑖𝑛𝑤𝑎𝑟𝑑 𝑑𝑒𝑝𝑙𝑜𝑦𝑖𝑛𝑔

(14)
𝐷2 2
𝜋 ( 3 ) × 𝐻1 𝑜𝑢𝑡𝑤𝑎𝑟𝑑 𝑑𝑒𝑝𝑙𝑜𝑦𝑖𝑛𝑔
𝜃 < 90° {
𝐷2 2
𝜋 ( 3 ) × 𝐻2 𝑖𝑛𝑤𝑎𝑟𝑑 𝑑𝑒𝑝𝑙𝑜𝑦𝑖𝑛𝑔
{
Let k = 0.02mm, the variation of the volume of the circumscribed cylinder of the PM with
respect to the input angle θ within the range from 0° to 120° is depicted in Fig. 5. It can be
observed that the volume reaches the maximum value of 4.985×10-4m3 when θ = 117.17°, as
shown in Fig. 6(a). For an ideal zero-thickness model, the minimum volume of the circumscribed
cylinder is zero when θ = 0o [Fig. 6(b)].

Fig. 5 The volume of the circumscribed cylinder of the PM

(a)
(b)
Fig. 6 The maximum and minimum volume positions of the circumscribed cylinder of the PM: (a)
maximum volume position; (b) minimum volume position.
A 3D printed prototype (Fig. 7) is fabricated to verify the feasibility of the mechanism. A
compliant prototype is also built with its links printed using rigid material and its joints printed
using soft material (Fig. 8). Since the initial state is a stable state, the mechanism can recover to
the initial state after deploying. In the initial state, the mechanism is in a shape of a regular prism.
When deployed, it can be spread onto parallel planes through two ways shown in Figs. 8(b) and
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8(c) respectively. Suppose the thickness of the links is h = 0.005m, the minimum volume of the
mechanism [Fig. 8(c)] is 2√3𝑙 2 ℎ = 4.33 × 10−5 𝑚3. The ratio between the maximum volume and
the minimum volume is r = 11.5.

(a)
(b)
(c)
Fig. 7 Prototype of the PM based on orthogonal Bricard linkages: (a) initial posture; (b) outward
deploying; (c) inward deploying.

(a)
(b)
(c)
Fig. 8 Compliant prototype of the PM based on orthogonal Bricard linkages: (a) initial posture; (b)
outward deploying; (c) inward deploying.

4.

LCM based on orthogonal Bricard linkages

Similar to the construction of 1-DOF PM based on orthogonal Bricard linkages, a 1-DOF LCM in
the shape of a tetrahedron can be obtained (Fig. 9) by connecting four orthogonal Bricard linkages
using twelve S joints. Each Bricard linkage is connected with another Bricard linkage by two S
joints. In the initial state [Fig. 9(a)], the joint axes of R1, R3 and R5 of each Bricard linkages are
parallel with each other, and the joint axes of R2, R4 and R6 lie on the same plane and intersect at
a point. The planes defined by joint centers of R2, R4 and R6 of each Bricard linkage generate a
regular tetrahedron and the planes defined by the six S joints of each Bricard linkage form a
similar tetrahedron. The DOF of the mechanism is one. The four Bricard linkages can be deployed
outward [Fig. 9(b)], which refers to the case that the distance between R5 and R5’ increases from
the initial configuration, or inward [Fig. 9(c)], which refers to the case that the distance between
R5 and R5’ decreases from the initial configuration.

(a)
(b)
(c)
Fig. 9 Tetrahedron LCM based on orthogonal Bricard linkages: (a) initial posture; (b) outward
deploying; (c) inward deploying.
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A tetrahedron LCM with compliant joints is fabricated with a high ratio of stowed-to-deployed
diameter. In the initial state [Fig. 10(a)], the mechanism is in a shape of a regular tetrahedron and
the angle between the plane defined by R3 and R5 in the first Bricard linkage and the plane
defined by R1’ and R5’ in the adjacent Bricard linkage τ = π - arccos(1/3) ≈ 109.5°. The angle τ
becomes zero when deployed inward or π when deployed outward. The mechanism is stable in its
initial state, so it will return to the initial state after the deploying process.

(a)
(b)
(c)
Fig. 10 Compliant Prototype of tetrahedron LCM based on orthogonal Bricard linkages: (a) initial
posture; (b) outward deploying; (c) inward deploying
Similarly, a 1-DOF LCM in the shape of an octahedron can be constructed by connecting eight
orthogonal Bricard linkages with twenty-four S joints (Fig. 11). The mechanism can be deployed
outward or inward, as shown in Figs. 11(b) and 11(c). When connecting twenty orthogonal
Bricard linkages with sixty S joints, a deployable 1-DOF LCM in the shape of an icosahedron is
obtained (Fig. 12).

(a)
(b)
(c)
Fig. 11 Octahedron LCM based on orthogonal Bricard linkages: (a) initial posture; (b) outward
deploying; (c) inward deploying.

(a)
(b)
(c)
Fig. 12 Icosahedron LCM based on orthogonal Bricard linkages: (a) initial posture; (b) outward
deploying; (c) inward deploying.
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5.

PMs and LCMs based on orthogonal 8R or 10R linkages

In this section, we will discuss how to construct PMs and LCMs by connecting orthogonal singleloop 8R or 10R linkages using S joints.

5.1 Mechanisms based on orthogonal 8R linkages
An orthogonal 8R linkage [7] is composed of eight identical links and eight R joints and has two
DOF in a general position. The adjacent joint axes of the 8R linkages are perpendicular to each
other. In order to construct PMs and LCMs, an S joint is inserted on each link of the orthogonal
8R linkage [Fig. 13(a)] in the same way as in an orthogonal Bricard linkage [Fig. 1(b)].
First, let us observe the characteristics of the orthogonal 8R linkage when Si (i = 1, 2, …8) are
constrained to be coplanar. Using a CAD software, we can observe that the orthogonal 8R linkage
has three 1-DOF modes: spatial mode [Fig. 13(b)], planar 4R mode [Fig. 13(c)], and spherical 4R
mode [Fig. 13(d)]. In the spatial mode, the lines defined by S1 and S2, S3 and S4, S5 and S6 and
S7 and S8 respectively form a square, S1S3S5S7 is a square too. S1S2S3S4S5S6S7S8 is a semi
regular octagon. S1S2 = S3S4 = S5S6 = S7S8 and S2S3 = S4S5 = S6S7 = S8S1. In the planar 4R
mode, the mechanism moves like a 4-bar mechanism composed of joints R1, R3, R5 and R7,
whose joint axes are perpendicular to the plane defined by Si (i = 1, 2, …8). In the spherical 4R
mode, there are four pairs of concentric S joints: S1 and S2, S3 and S4, S5 and S6, as well as S7
and S8. The mechanism moves like a 4-bar mechanism composed of joints R1, R3, R5 and R7,
whose joint axes intersect at a point. It is noted that this 1-DOF mechanism is an over-constrained
mechanism. The DOF of this mechanism and the other mechanisms in Section 5 are all verified by
using a CAD software, like in the kinematic synthesis of mechanisms [26] and workspace analysis
of parallel manipulators [27], without deriving any explicit mathematical equations. Further
analysis of the motion modes of the mechanism is required but is out of the scope of this paper.

(a)

(b)

(c)
(d)
Fig. 13 The orthogonal 8R linkage: (a) the general 8R linkage; (b) the constrained 8R linkage in
spatial mode; (c) the constrained 8R linkage in planar 4R linkage mode; (d) the constrained 8R
linkage in spherical 4R linkage mode.
By connecting two 8R orthogonal linkages, which are mirrored version of each other about the
mirror plane S1S2S3S4S5S6S7S8, using eight S joints located at Si (i = 1, 2, …8), a PM can be
obtained (Fig. 14). Since Si (i = 1, 2, …8) of each orthogonal 8R linkage remain on the same
plane, the PM has the same DOF of each constrained orthogonal 8R linkage, i.e., 1-DOF. Like the
mechanisms in Fig. 13(b-d), the PM based on 8R orthogonal linkages has also three modes:
deployable mode, planar 4R mode, and spherical 4R mode. In the deployable mode, the
mechanism can be deployed outward or inward, as shown in Figs. 14(b) and 14(c). In the planar
4R mode [Fig. 14(d)], the two 8R linkages deform synchronously and each moves as a planar 4R
linkage composed of joints R1, R3, R5 and R7. In the spherical 4R mode [Fig. 14(f)], the two 8R
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linkages also deform synchronously and each moves as a spherical 4R linkage composed of joints
R1, R3, R5 and R7 as well. The deployable mode and the planar 4R mode can be switched
through transition configuration I [Fig. 14(a)]. In this transition configuration, the axes of joints
R1, R3, R5 and R7 are parallel. The axes of R2 and R6 are collinear, so are the axes of R4 and R8.
The deployable mode and the spherical 4R mode can be transformed through transition
configuration II, which is shown in Fig. 14(e). In this transition configuration, S1 and S2 are
concentric, as well as S3 and S4, S5 and S6, S7 and S8, and S1S3S5S7 is a square.

(a)

(b)

(c)

(d)
(e)
(f)
Fig. 14 PM based on orthogonal 8R linkages: (a) deployable mode↔planar 4R mode; (b) outward
deploying; (c) inward deploying (e) deployable mode↔spherical 4R mode; and (f) spherical 4R
mode.
A prototype (Fig. 15) is fabricated to verify the DOF of the mechanism. It is noted that the
spherical 4R mode only exists in the theoretical model that has no interference between the S
joints. The mechanism has one DOF in each mode.

(a)
(b)
(c)
(d)
Fig. 15 Rigid prototype of the PM based on orthogonal 8R linkages: (a) initial posture; (b)
outward deploying; (c) inward deploying; (d) planar 4R mode.
Connecting six orthogonal 8R linkages with 24 S joints, one obtains an LCM in the shape of a
rhombohedron (Fig. 16). Each 8R linkage is connected with four 8R linkages with two S joints
between each pair of 8R linkages. In the initial state, the planes defined by the joint centers of R2,
R4, R6 and R8 in each 8R linkage generate a rhombohedron and the planes defined by the centers
of S joints in each 8R linkage generate a smaller rhombohedron. The angle between the plane
defined by R3 and R5 in the first 8R linkage and the plane defined by R1’ and R7’ in the adjacent
8R linkage is τ’ = 90°. The mechanism has two modes. In the first mode, it can be deployed
outward and inward, as shown in Fig. 16(b-d). When deployed outward, τ’ changes from 90° [Fig.
16(a)] to 270° [Fig. 16(c)]; when deployed inward [Fig. 16(d)], τ’ varies from 90° to 10°,
considering the link interference. In the second mode, R2, R4, R6 and R8 in each 8R linkage lose
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their DOF, and the mechanism behaves as parallelepiped mechanism in [28]. The mechanism in
this mode has three DOFs, as shown in Fig. 16(e) and Fig. 16(f).

(a)

(b)

(c)

(d)
(e)
(f)
Fig. 16 Rhombohedron LCM based on orthogonal 8R linkages: (a) initial posture; (b)-(c) outward
deploying; (d) inward deploying; (e)-(f) 3-DOF parallelepiped mechanism mode.

5.2 Mechanisms based on 10R orthogonal linkages
Using the construction method proposed in Section 5.1, mechanisms based on other orthogonal
single-loop linkages can be obtained as well. Figure 17 illustrates the PM constructed by two
orthogonal 10R linkages using ten S joints. The mechanism has two modes, including a 1-DOF
deployable mode [Fig. 17(b-c)] and a 2-DOF planar 5R linkage mode [Fig. 17(d)]. Unlike the PM
based on orthogonal 8R linkages, this PM has no spherical mode.

(a)
(b)
(c)
(d)
Fig. 17 PM based on orthogonal 10R linkages: (a) initial posture; (b) outward deploying; (c)
inward deploying; (d) 5R linkage mode.
A 1-DOF LCM in the shape of a dodecahedron is also designed as shown in Fig. 18. It is
constructed using twelve 10R orthogonal linkages and sixty S joints. The mechanism can also be
deployed outward [Fig. 18(b)] and inward [Fig. 18(c)].
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(a)
(b)
(c)
Fig. 18 Dodecahedron LCM based on orthogonal 10R linkages: (a) initial posture; (b) outward
deploying; (c) inward deploying.
The mecahnisms in Figs. 16 and 17 are new variable-DOF mechanisms and therefore enriches the
types of variable-DOF mechanisms [29-31].

6.
Extensions of the deployable mechanisms based on orthogonal single-loop
linkages
Using the above approach for constructing PMs and LCMs using orthogonal single-loop linkages,
we can also construct similar PMs and LCMs by connecting single-loop linkages in which the
axes of two adjacent joints are not perpendicular to each other. Such single-loop linkages are
composed of three to five identical spatial plane symmetric triad as shown in Fig. 19. The triad
can be analyzed using the equations presented in [32]. In a spatial plane symmetric triad, the axes
of R joints R1 and R3 are symmetric about a plane passing through the axis of R joint R2 and so
are the centers of S joints S1 and S2. A single-loop composed of three such units is called threefold plane symmetric Bricard linkage [4]. The axes of joints R1 and R2 can be arbitrarily arranged
as long as they are not coplanar. The centers of S joints S1 and S2 can be any points on the links
as long as they meet the above symmetry condition.

Fig. 19 The spatial plane symmetric triad unit of the single-loop linkages
However, these PMs and LCMs may not be as practical as the mechanisms based on orthogonal
single-loop mechanisms. For example, the PM based on the three-fold plane symmetric Bricard
linkage with a twist angle of 60° is either not a regular prism in the initial position [configuration I
in Fig. 20(a-b)] or cannot be folded onto two planes when using flexible joints [configuration II in
Fig. 20(c-d)].
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(a)

(b)

(c)
(d)
Fig. 20 PM based on Bricard linkages with a twist angle of 60°: (a-b) configuration I; (c-d)
configuration II
Figures 21 and 22 show the mechanisms in which the S joints are off the plane defined by the
triangle link or the median of the triangle.

(a)
( b)
(c)
Fig. 21 Variation of PM based on Bricard linkages: (a) initial posture; (b) outward deploying; (c)
inward deploying.

(a)
( b)
(c)
Fig. 22 Variation of LCM based on Bricard linkages: (a) initial posture; (b) outward deploying; (c)
inward deploying.

7.

Conclusions

A method has been proposed to construct a novel family of over-constrained parallel mechanisms
or loop-coupled mechanisms by connecting orthogonal single-loop linkages using S joints. A
family of deployable multi-loop mechanisms obtained by connecting orthogonal Bricard, 8R or
10R linkages has been discussed in detail. Two types of prototypes have been designed using rigid
or soft material. The former has precise movements while the latter has a larger ratio of stowed-todeployed diameter and can return to initial state after deploying. The mechanisms constructed
using orthogonal Bricard linkages have only one DOF. The mechanisms based on orthogonal
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8R/10R linkages have multiple modes and can switch modes through singular positions (or
transition configurations). The method has also been extended to multi-loop mecahnisms
composed of loops that the axes of two adjacent R joints are not perpendicular to each other. As a
byproduct, this work also enriches the types of variable-DOF mechanisms.
In the future, detailed mobility and kinematic analysis of these mechanisms will be carried out
using tools from the numerical algebraic geometry [33]. The application of these mecahnsims in
industrial robot, surgical robot, TV mounter and space foldable/ deployable structures will also be
explored.
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